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Abstract 

We study models compactified on S 1 /Z 2 with bulk and brane matter fields 
charged under U(l) gauge symmetry. We calculate the Fl-terms and show by 
minimizing the resulting potential that supersymmetry or gauge symmetry is 
spontaneously broken if the sum of the charges does not vanish. Even if this 
sum vanishes, there could be an instability as a consequence of localized FI- 
terms. This leads to a spontaneous localization of charged bulk fields on respec- 
tive branes. 
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Theories in more than 4-dimensional space-time have attracted much atten- 
tion in recent years. The connection to our 4-dimensional world is made through 
compactification of extra space dimensions. Among the proposed mechanisms, 
orbifold compactification seems to be particularly simple and instructive In 
addition, it allows the incorporation of so-called brane world scenarios, in which 
branes are placed (at fixed points) in a higher dimensional bulk. We can then dis- 
tinguish between bulk-fields that propagate in the higher dimensional bulk and 
brane fields whose propagation and interactions are confined to the respective 
branes (fixed points). 

Various models of this kind have been proposed recently because of their 
potential phenomenological merits. Some unwanted couplings can be made very 
small or even zero by appropriate localization of the fields. For example, two fields 
localized at different branes can not interact directly but only indirectly via bulk 
fields. In addition, two such brane fields could have different couplings to a bulk 
field if that field has nontrivial profile along the extra dimensions. This type 
of mechanism could be responsible for the suppression of proton decay, Yukawa 
couplings and supersymmetry breakdown. 

Many of these models assume some amount of supersymmetry to render the 
theory ultraviolet (UV) insensitive and solve the hierarchy problem. While in 4 
dimensions the UV-behavior of the theory is well understood there remain some 
open questions in the brane world picture. It is one of these questions that we 
shall study in the present paper: the UV-sensitivity of the low-energy physics. 

In 4 dimensions the supersymmetric models (also with soft breaking interac- 
tions) are usually at most logarithmically sensitive to the high scale A. The only 
exception (the Achilles' heel of supersymmetry) is the quadratically divergent 
Fayet-Iliopoulos term for a £7(1) gauge symmetry if the sum over the scalar fields 
of the corresponding charge is nonzero (2[. Thus, in phenomenologically accept- 
able models the U(l) charges must sum up to zero; otherwise the low energy 
physics will be destabilized and either gauge symmetry or supersymmetry will 
be broken at a scale of order A. Another (independent) reason for this condition 
is the absence of the mixed gauge-gravitational anomaly if gravity is taken into 
account. 

The Standard Model of strong and electroweak interactions contains a U(l) 
gauge symmetry - hypercharge symmetry. The sum of hypercharges vanishes for 
each generation of fermions so also for each generation of scalars in the supersym- 
metric version of the model. Thus, there are no quadratically divergent Fl-terms 
in the 4-dimensional supersymmetric extension of the standard model. 

We would now like to ask the question how this situation generalizes to the 
higher dimensional brane world scenario. Previously |§ we have already shown 
that the presence of massless bulk scalar fields with nonvanishing sum of charges 
leads to a quadratic divergence^. In this paper we set up the general case with 

4 For a related discussion of ultraviolet sensitivity in extra dimensions see 0, 0, 0. 
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charged bulk and brane fields and arrive at a similar conclusion: if the sum of 
charges does not add up to zero, there is a quadratically divergent Fl-term and 
either supersymmetry or gauge symmetry are destabilized in the same way as in 
the 4-dimensional theory. 

Still this is not the full story We next concentrate on the more specific 
question of localization of the field with nonzero hypercharge. Usually in brane 
world models some of the standard model particles can be described by bulk 
fields, while others by brane fields. Thus generically the hypercharges add up to 
zero only globally (when integrated over the extra dimension) but not locally. 
In such a situation we can show that as a result of the localized Fl-terms we 
find a spontaneous localization of charged bulk fields. The zero modes of 
these bulk fields become localized on the brane, while the masses of the higher 
Kaluza-Klein modes are pushed to the UV-scale A. 

In the present paper we shall present our results in the framework of the sim- 
plest possible toy model. The general results for more realistic models will be 
presented in a future publication J7|. We consider the 5-dimensional supersym- 
metric model compactified on S 1 /7a2 containing 3 multiplets: two 5-dimensional 
bulk multiplets - the vector multiplet V and the hypermultiplet H - and one 
4-dimensional chiral multiplet Cq localized at the brane at y — 0. One could 
expect a gauge anomaly in such a model similar to the one discussed in || . How- 
ever we will postpone the discussion of the gauge anomalies here for two reasons. 
First, the simple model allows a simplest possible illustration of the mechanism 
of localization observed here, and secondly, the localization of fields might actu- 
ally lead to a more refined and subtle discussion of gauge anomalies, including a 
possible cancellation mechanism via Chern-Simons terms ||. 

The 5-dimensional off-shell vector multiplet V = (Am, A\ $, D) contains a 
gauge field A M , a doublet of symplectic-Majorana gauginos A\ a real scalar $ 
and a triplet of auxiliary fields D (we use the standard notation: M = 1 ... 5, 
H = 1 . . . 4, x 5 = y). Each of the components must have a definite parity under 
the I2 symmetry used for orbifolding. We choose the parity assignments as 
follows: 



V : 



state 




A 5 


$ 






D i,2 


parity 


+ 






± 


+ 





With this choice neither the N — 1 supersymmetry nor the U(l) gauge symmetry 
is broken by orbifolding. 

The 5-dimensional off-shell hypermultiplet H consists of two complex scalars 
<j)±, one Dirac fermion ip, and two complex auxiliary fields F±. The subscripts 
on the bosonic components denote their parity under Z 2 : 4>±(—y) = ±<fi±(y), 
F±(—y) = ±F±(y). The parity of the components of ip is related to their 4- 
dimensional chirality: ip(—y) = i^ijj{y). 

The bulk interactions of V and H are described by the standard 5-dimensional 
supersymmetric Lagrangian. The part of that Lagrangian which is important for 
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our discussion can be written, in terms of the above introduced fields, as: 



£buik =-\ (d M ®) 2 + \f) 2 - V M <t>\V M (j) + - V M( j)lV M <p. + i^ M V M iP 

- gqD 3 - - gq [[D 1 - iD 2 ) fy- + h.c.) 

- g 2 q 2 <$> 2 (<^0 + + - gq^ + ... . (1) 

Now we add a 4-dimensional chiral multiplet Co = (4>o, ipo, Fq) localized at 
the brane at y = 0. It was shown in ref. (Kj that such a brane multiplet can 
be coupled to the bulk gauge multiplet in a way which preserves N = 1 super- 
symmetry. The coupling is given by the standard 4-dimensional interaction of a 
chiral multiplet with a gauge multiplet when the role of a 4-dimensional gauge 
multiplet is played by the boundary values of the appropriate components of the 
gauge bulk fieldQ: (A^, A+, D 3 — d y §). The resulting Lagrangian reads 

£brane = <%) (~V ^V^o + 9 q (D 3 - d y $) fyo + . . . ) (2) 

where go is the U(l) charge of Cq. The tree level action of the model is given by 
the sum of the bulk and brane contributions 

s<°) = J d 4 xd y (/: bulk + /: branc ) (3) 

and is invariant under the N = 1 supersymmetry and the U(l) gauge symmetry. 

Let us now take the 1-loop corrections into account. It occurs that divergent 
Fl-terms play a very crucial role. They are generated by tadpole diagrams even 
if the sum of all charges is zero because the charge is non-trivially distributed 
along the fifth dimension. 

We start with the contribution coming from the tadpole with the brane scalar 
0o in the loop (fig. la). It is given by the standard 4-dimensional result with 
the gauge auxiliary field replaced by the boundary value of the combination 
(D 3 — d y Q). In the cut-off regularization it is given by 

(^ 3 - ■ (4) 

The calculation of the bulk field contributions is more involved (part of it 
has been already presented in refs. || ||). It can be performed by expanding 
the bulk fields into 4-dimensional modes and summing the contributions from 
the obtained tadpole diagrams. The two kinds of bulk tadpole diagrams are 

5 In a similar way the brane chiral multiplet can be coupled to the chiral multiplet made 
out of the boundary values of the bulk hypermultiplet components (</>+, tp+i F+ ~ d y (f>-). More 
details will be presented in a future publication H. 
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shown on figs, lb and lc. In one of them the D 3 field is coupled to the scalar 
loops and only this contribution has been taken into account in the previous 
calculations |3], §]. But there is also a contribution in which the $ scalar is 
coupled to the fermion loop. It gives the same Fl-term for (— <9 y $) as the bulk 
scalar tadpole gives for D 3 . One should expect this because the model is invariant 
under N = 1 supersymmetry and the combination (D 3 — d y Q) is the gauge 
auxiliary field under this supersymmetry The details of the calculation will 
be presented elsewhere [|7| and here we give only the final result: 



(D 2 



A 2 



16-7T 



[6(y)+S(y-7rR)) 



In A 2 

16^2 



[S"(y) + 5"(y-7rR)} + ... 



(5) 



where dots denote the finite contribution which will not be discussed here because 
we are interested only in the sensitivity of the model to the high energy scale 
represented by the cut-off A. 

Let us now analyse our model with those 1-loop corrections quadratically and 
logarithmically sensitive to the cut-off scale A. We start with the 4-dimensional 
effective potential which is given by the sum of the potential part of the tree level 
action (|3]) and the integrals of ([|) and (H). The part of the potential important 
for our analysis (i.e. without the F-type terms) reads 

V = j ^[-\D 2 + \ (dyZ) 2 + \dy<P + \ 2 + \d y <P-\ 2 +£(D 3 - dyQ) 

+gq (D 3 - d y <$>) |0 O | 2 %) + <?¥$ 2 (|0 + | 2 + |0_| 2 ) 
+gqD 3 (|0 + | 2 - |0_| 2 ) + gq ((D 1 - iD 2 ) + h.c.) 

where the divergent radiatively generated Fl-parameter £ (y) is given by 
A 2 \ / a\ „, , a _ _,i InA 2 



(6) 



i = 9 



16tt ; 



qo+l)s(y) + ~5(y-irR) 



+ 9 



16tt 2 



We have dropped the A§ component of the gauge field: as vanishes at both 
boundaries, we can perform a gauge transformation to put it zero over the bulk. 
We rewrite this potential in a form more suitable for our later discussion. We 



add and subtract the term gq(d y &) 



J ) and perform an integration 



by parts, to make it possible to write the potential as a combination of squares: 



V 



dy 



-- {-D 3 + i + ^ o |0o| 2 6{y) + gq\<P, 
-~ (-d y $ + £ + gq \<Po\ 2 S(y) + gq \4 



2\ 2 



gq\<t>-\ ) 



-9Q\ 



'r 



- \D l +iD 2 + 
2 1 



1 2 2 2 

+ 9 1 



+ \d v 



gq<&<P + \ 2 + \d y 



gq®4>- 



(8) 
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Figure 1: The diagrams that give rise to Fl-terms via brane scalar (a), bulk 
scalar (b) and bulk fermion (c) loops. 

By splitting of the squares, it seems that we have introduced squares of delta 
functions or their derivatives. However, because of the opposite sign of the aux- 
iliary field D 3 all this cancels out precisely. Thus the dangerous squares of S(y) 
and 8"{y) do not appear. (Here we presented only this simplified argumentation 
and we postpone a more complete calculation to a future publication 0). As 
the only negative terms in this potential are due to the auxiliary fields, that have 
algebraic equations of motion, for example 

D 3 (y) = m + 9Qo |0o| 2 5(y) + gq \Mv)\ 2 - 9Q I0-O/)| 2 , (9) 

the potential ||) is clearly positive semi-definite. 

Next, we investigate background field configurations, i.e. Vacuum Expectation 
Values (VEVs) of the scalar fields (which may be functions of y) that minimize the 
potential V. An important question is whether supersymmetry or £7(1) gauge 
symmetry is spontaneously broken. Gauge symmetry remains unbroken if the 
charged fields have vanishing VEVs: (<f> + ) = = (0 O ) — 0, supersymmetry 
is unbroken if the potential vanishes in the minimum. As can be seen from the 
potential (§) this implies that 

(D 3 (y))-d y ( S(y)) = (10) 

for a supersymmetric background field configuration. As this is a first order 
differential equation for the odd ($), which vanishes at the boundaries, a super- 
symmetric VEV is only possible if the constant mode Dq = J dyD 3 (y) of the 
auxiliary field @ 

d 3 = ^((9 + <?o)^ + * K0o)l 2 + *f R *v (\(My))\ 2 - K<M2/)>I 2 )) (n) 

vanishes. (The logarithmic divergence is absent here, since the derivative 5'{y) 
vanishes at y — 0.) Hence, as far as the auxiliary field D 3 is concerned, only its 
zero mode Dq is important for determining whether supersymmetric minimum 
can exist, in the presence of Fl-terms localized at the branes in the 5-dimensional 
theory. 
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Let us consider two cases: i) the charges of the matter fields do not sum up 
to zero, q + go 7^ 0; ii) the charges sum up to zero, g + go = 0. These cases are 
different because the radiatively generated quadratically divergent contribution 
to Dq is proportional to the sum of charges q + q (see fllT])). 

In case i) the supersymmetry can remain unbroken only when some nonzero 
VEVs of the charged fields cancel that A 2 contribution to D^: 

(q + 1o)^- 2 + Qo |(0o)| 2 + l£*<iv i\(My))\ 2 - 1(0-0/)) I 2 ) = . (12) 

The bulk field 0o can be used for this purpose if its charge go has opposite sign 
with respect to the sum q + q (i.e. gg < and |g | < |g|). 

The situation with the bulk field is more complicated. We have to remember 
that its VEV must minimize the whole potential V and not only its first term 
depending on D 3 . Only one of the components, <p + or </>_, can have nonvanishing 
VEV because of the |0 + 0_| 2 term in the potential (Bp. From the last two terms 
in V we see that such nonzero VEVs must satisfy 

dy(My)) = Tgq(Hy))(<P±(y)) ■ (13) 

In the case of {4>+) it can be solved with the normalization chosen to fulfill eq. 
(|12"1). The configuration with such (0+) and = = (</>q) gives vanishing value 
of V which is a global minimum because V is positive semi-definite. Nonzero 
can be used to restore supersymmetry if q has opposite sign with respect to 
the sum q + g (gg < and |g| < |g |). 

Equation (|1^) has no nonzero solutions for the odd field 0_. The reason is 
that for linij^o 4>-(y) ^ the l.h.s. of (pf) has a 8(y) type singularity while no 
such structure appears at the r.h.s. of that equation. As the result (</>_) vanishes 
and can not cancel the A 2 term in Dq. 

We see that there are two possibilities in the case i) (q + go 7^ 0). If the 
bulk and brane field charges have opposite signs then one of these fields (the one 
with the smaller absolute value of the charge) develops a nonzero VEV. This 
VEV is such that the vacuum energy vanishes and the supersymmetry remains 
unbroken. But the U(l) gauge symmetry is broken and the scale of breaking is 
given by the cut off scale A. If q and go have the same sign then U(l) is unbroken 
because the charged fields do not develop nonzero VEVs. (As argued above, the 
oppositely charged odd field 0_ cannot have a VEV.) In such a case the value of 
the vacuum energy is positive and supersymmetry is broken at very high scale 
given by A. Thus the situation is very similar to the 4-dimensional theories with 
quadratically divergent Fayet-Iliopoulos terms generated radiatively if the U(l) 
charges do not sum up to zero. 

Let us now go to the case ii) in which charges do sum up to zero: q + go = 0. 
Now there is no A 2 contribution to Dq given by flnp. It is obvious that the 
potential V is minimized for vanishing VEVs of all matter fields. The gauge 
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U(l) symmetry and the supersymmetry are unbroken. This is again very similar 
to the 4-dimensional theory but there are important differences: In 4 dimensions 
no Fl-term is generated in such In our bulk-brane setup nontrivial FI- 

like term is generated for the combination (D 3 — d y $>) and only its integral over 
y vanishes. The supersymmetry remains unbroken because the contributions to 
the VEV of the auxiliary field coming from D 3 and d y Q exactly cancel each other 
(this is related to the fact that $ is a propagating field while D 3 is not). But 
we will see that the non-trivial Fl-term for the propagating field $ has very 
interesting consequences. 

First we calculate the background configuration of $ which is induced by the 
Fl-terms. Using equations (0), (§) and @ we get for q Q = —q: 

(<%)> = -9^<y) + 9^ (<%) + <% - ( 14 ) 

where we again drop terms which are not sensitive to the scale A. Substituting 
this back to the part of the potential (g) 

J dy( \d y <f> + - gq ($) + | 2 + \d y <f>- + gq (<t>> 0_| 2 ) (15) 

gives the mass terms for the fields <fr + and 0_ in the effective 4-dimensional 
theory. The theory is supersymmetric so the nonzero VEV of $ influences also 
the effective mass term for the matter fermions (via the last term in ([!])) 

dy^^dy + gq^))^. (16) 

With vanishing ($) the spectrum of <p± is very simple: The even compo- 
nent has a constant massless mode while modes <f>+(y) = cos(ny/R), <$>-(y) = 
sm(ny/R) have masses equal to n/R. Let us now analyse the spectrum of the 
charged bulk fields with VEV of $ given by ([14]) . First of all the even field 0+ 
has again a zero mode given formally by the formula 

+o (y) = exp (gq jT dy' ($(1/'))) 0+o(O) . (17) 

We can not directly substitute here ($) as given by (|14D because we would get 
arbitrary powers of 5'{y) which have no well definite meaning. We regularize the 
delta function with the appropriate Gaussian function so that 

S'(y) = - lim 27ra 3 yexp (-7ra 2 y 2 ) . (18) 
Now the integral flTTD can be calculated 

64^ A y \ eXP \-32^ 



MV) = N exp I — fg,A 2 ,} exp { - ^ ln(A)a 



1 + e- 71 ^ 2 - e-™ 2y2 



e -7Ta 2 (y-TrR) 2 



(19) 
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N is a normalization factor depending on A and a. The expression in the second 
curly bracket is negative for < y < ttR and vanishes only at the fixed points. 
Thus the second exponential factor suppresses the zero mode very strongly for 
all points which are not close to y = or y = ttR. The first exponential factor 
involving A 2 suppresses further the zero mode for y away from 0. As a result 
the zero mode is exponentially localized at the y = brane and the width of 
this localization is determined by the bigger of the scales A and a. The cut off 
A can be treated as a scale characteristic for some more fundamental underlying 
theory, e.g. the string theory. The scale a was introduced in order to resolve 
the infinitely thin branes. The thickness of the branes is likely to be determined 
by the scale characteristic for a theory describing brane dynamics (it could be 
related to A in a more fundamental theory). Anyway, the localization of the zero 
mode of <p + is not weaker than the localization of the brane itself (parameterized 
by a) . The Fl-terms cause the zero mode +o to become effectively a brane field 
localized at the same brane at which the oppositely charged field 0o is localized. 
Of course the corresponding fermionic zero mode of ip is also localized at the 
same brane. This has important implications for the anomaly analysis in such 
models. For the case go = — Q the anomaly is canceled locally at this brane (and 
is absent at the other brane). 

We will not discuss in much detail the massive modes of the bulk fields. The 
important point is that they effectively disappear from the spectrum because 
their masses are at least as big as the cut off scale A. This can be seen by 



analyzing first the spectrum without the In A term in ([14]). In such the 
mass eigenstates are given by 



2 / cos [ny/R — a] 
tcR V sin [ny/ R] 



(20) 



where the phase a is given by tana = gqRA 2 /6AiT 2 n and the corresponding 
masses are m 2 = (gqRA 2 /64ti 2 ) 2 + {n/R) 2 . Then one can show that adding to 
($) a term depending on a changes the profiles of the eigenstates but do not 
change their masses (because this new term integrates to zero and thus do not 
change the boundary conditions which are used to get the discrete spectrum). 

A similar localization of the bulk fields takes place also when q + qo ^ 0. 
However the formulae in such a case are more complicated and will be discussed 
elsewhere [J/J. 

We showed that the bulk matter field get localized at the brane due to the 
divergent Fl-terms. One could ask the question whether such terms cause also 
the bulk gauge field to localize? The answer is: no. The gauge field have no self- 
couplings (it is an Abelian gauge symmetry) hence VEV of $ does not change 
the ordinary Kaluza-Klein tower of states coming from the bulk gauge multiplet. 

In the present paper we have analyzed the 5-dimensional model compactified 
on S 1 1 lii with one brane and one bulk matter multiplets coupled to the bulk 
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U(l) gauge multiplet. It occurs that the Fayet-Iliopoulos terms are generated 
not only for the auxiliary component of the gauge multiplet, D 3 , but also for the 
derivative of the scalar component, d y &. The potential with these Fl-terms added 
has been analyzed in order to check whether supersymmetry or gauge symmetry 
is spontaneously broken. The situation is very similar to the 4-dimensional case. 
Both supersymmetry and gauge symmetry remains unbroken only if the charges 
of matter fields sum up to zero. If the charges do not sum up to zero one of 
these symmetries is broken. Supersymmetry is broken if all the charges have the 
same sign. If charges of both signs exist then one of the matter fields develops 
a nonzero VEV and the gauge symmetry is broken. The scale of the breaking in 
both cases is of the order of the cut off scale A which should be regarded as a 
scale characteristic for an underlying more fundamental theory. 

As a main result of this paper we have shown that the Fl-terms have another 
very interesting consequences for this bulk-brane model. Namely, they lead to 
the spontaneous localization of the charged bulk matter field. The zero mode of 
the bulk field is localized at the brane at which the bulk field lives (if their charges 
have opposite signs). The width of such localization is related to the thickness of 
the brane. The massive modes of the bulk field get masses at least of the order 
of the cut off scale and disappear effectively from the spectrum. Thus, the bulk 
matter field changes spontaneously into a brane field. It seems that the model 
with the single bulk charged matter field develops this kind if instability. 

We have discussed the simplest model with just one brane matter field, one 
bulk matter field and one bulk gauge field. However, the main features are 
very similar for more complicated models in which the U(l) symmetry is just 
the hypercharge part of the Standard Model gauge group and there are many 
bulk and brane matter fields. We will consider more general models and their 
phenomenological applications in a future publication 0. There we will also 
discuss in more detail consequences of this localization for the anomaly analysis. 
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